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Abstract 20 
Planctomycetes are bacteria with particular characteristics such as internal membrane systems 21 
encompassing intracellular compartments, proteinaceous cell wall, cell division by yeast-like 22 
budding and large genomes. These bacteria inhabit a wide range of habitats, including marine 23 
ecosystems, in which ultra-violet radiation has a potential harmful impact in living organisms. To 24 
evaluate the effect of ultra-violet C on the genome of several marine strains of planctomycetes, we 25 
developed an easy and fast DNA diffusion assay in which the cell wall was degraded with papain, 26 
the wall-free cells were embedded in an agarose microgel and lysed. The presence of double strand 27 
breaks and unwinding by single strand breaks allows DNA diffusion, which is visible as a halo 28 
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upon DNA staining. The number of cells presenting DNA diffusion correlated with the dose of 29 
ultra-violet C or hydrogen peroxide. From DNA damage and viability experiments, we found 30 
evidence indicating that some strains of planctomycetes are significantly resistant to ultra-violet C 31 
radiation, showing lower sensitivity than the known resistant Arthrobacter sp. The more resistant 32 
strains were the phylogenetically closer to Rhodopirellula baltica, suggesting that these species are 33 
adapted to habitats under the influence of ultra-violet radiation. Our results provide evidence 34 
indicating that the mechanism of resistance involves DNA damage repair and/or other DNA ultra-35 
violet C-protective mechanism. 36 
 37 
 38 
Key words: Planctomycetes, UVC resistance, Comet assay, DNA diffusion assay, Genotoxicity 39 
40 
 
 
3 
 
 41 
1. Introduction 42 
The planctomycetes constitute an unusual and distinctive group of bacteria that forms a divergent 43 
phylum of the Domain Bacteria. They possess unique features such as a proteinaceous cell wall 44 
lacking peptidoglycan, in general reproduction by a yeast-like budding process, large genome sizes 45 
and an exceptional cell plan with a complex internal membrane structuring (Fuerst 2005; Ward et 46 
al. 2006). Planctomycetes are ubiquitous microorganisms that have been described to be widely 47 
distributed in very different habitats (Ward et al. 2006) such as marine, brackish, freshwater, soil 48 
and sediments; hypersaline, hypothermal and acidic environments; and in association with other 49 
organisms such as invertebrates (Fuerst et al. 1991;1997), namely sponges (Friedrich et al. 1999; 50 
2001; Webster et al. 2001), cyanobacteria and microalgae (Ward et al. 2006), macroalgae (Lage 51 
and Bondoso 2011) and plants (Fuerst 1995; Derakshani et al. 2001; Kulichevskaia et al. 2006). 52 
This broad distribution suggests the existence of a wide physiological diversity that allows 53 
planctomycetes to adapt and colonize such diverse ecosystems. Planctomycetes are believed to 54 
play an important role in the global biogeochemical cycles, namely the carbon and nitrogen cycles 55 
through e.g., the mineralization of marine snow particles (DeLong et al. 1993). Rhodopirellula 56 
baltica is well characterized as a polysaccharide degrader (Rabus et al. 2002; Glöckner et al. 2003; 57 
Gade et al. 2005). In addition, the presence of a high number of genes encoding for proteins with 58 
significant homology to sulfatases in several planctomycetes, namely Rhodopirellula baltica 59 
(Glöckner et al. 2003), suggests the involvement of these organisms in the transformation of 60 
inorganic sulphur (Hieu et al. 2008; Wegner et al. 2013). Planctomycetes are the unique living 61 
organisms known to carry out the anaerobic ammonium oxidation, also known as the anammox 62 
process, in which nitrite and ammonium are converted to dinitrogen gas (Stous et al. 1999).These 63 
observations are indicative that planctomycetes are key players on several ecosystems where their 64 
activity translates into vital events to the overall equilibrium. 65 
Marine microorganisms are exposed to variable ultra-violet radiation (UV) depending on their 66 
position in the water column. Besides direct damage on DNA, decrease in growth and survival, 67 
pigment bleaching and photoinhibition of photosynthesis have been identified among several 68 
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biological effects of UV (Sinha and Häder 2002; Batista et al. 2009). This radiation is divided, 69 
according to the wavelength, in three segments, UVA (400-315 nm), UVB (315-280 nm) and UVC 70 
(280-100 nm). UVB and UVC are the most energetic and harmful ones, causing direct and indirect 71 
damage due to the high absorption by nucleobases (Mitchell and Karentz 1993). However, UVC 72 
does not reach the Earth's surface due to the absortion effect of the ozone layer. Microorganisms in 73 
the water column are under the influence of the detrimental effect of UV, depending on the 74 
atmospheric conditions and the clarity of water. In addition, in shallow areas and in the intertidal 75 
zone, UV can be very high. In all cases, UV irradiation can oscillate significantly during the day, 76 
which imposes dynamic stress responses to organisms. Ultra-violet radiation constrains the 77 
distribution of microorganisms such as planctomycetes, which resistance and response 78 
mechanisms have only recently began to be investigated (Lieber et al. 2009). 79 
Marine organisms have inhabited earth before the existence of oxygen in the atmosphere that 80 
could afford the protection and had been fully exposed to short wavelength radiation in shallow 81 
areas and in intertidal habitats. Therefore, mechanisms of protection and recovery from UVC have 82 
been developed by living organisms through evolutionary history (Garcia-Pichel 1998). In 83 
addition, other factors may also contribute to UV irradiation survival under planetary anoxic 84 
conditions: the presence of high numbers of cells and the formation of clusters may provide 85 
shielding of cells against UV and resistance against extreme stress may also provide cross 86 
protection against UV (Cockell et al. 2011). With the emergence of the ozone layer, the 87 
evolutionary pressure continued as damage caused by UVB radiation resembles the one caused by 88 
UVC, with both causing similar photoproducts. (Schuch and Menck 2010).  89 
In this work we evaluated the impact of UVC on several marine planctomycetes strains isolated 90 
from the surface of macroalgae, which are normally exposed to high radiation levels. Analysis of 91 
DNA damage caused by several stress agents can be made by several laboratory techniques. 92 
Among the numerous methods to detect DNA damage in cells, the comet assay figures as one of 93 
the most popular method due to its relative celerity and easiness. In addition, the capacity of being 94 
applied to almost all types of cells, along with the single-cell result obtained, has increased its 95 
application in diverse fields of biological study (Dhawan et al. 2009). The comet assay (Östling 96 
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and Johanson 1984) and the DNA diffusion assay (Singh 2000) have been extensively used as 97 
reliable tools for the assessment of DNA damage in many biological systems. Despite this, to our 98 
knowledge, application of the comet assay to bacterial cells has only been reported in a limited 99 
number of scientific papers (Singh et al. 1999; Fernández et al. 2008). By developing an improved 100 
DNA damage assay based on the single cell gel electrophoresis or comet assay, here designated by 101 
DNA diffusion assay, the genotoxic effects of UVC on selected species and the potential 102 
protective role of planctomycetes extracts against the noxious effects of this radiation were 103 
evaluated. The applicability of this assay in prokaryotes has been restricted possibly due to the 104 
usual small size of their genomes. Here we demonstrate the applicability of an adaptation of the 105 
comet assay, the DNA diffusion assay, to planctomycetes, which are among the prokaryotic 106 
organisms with larger genomes as suggested by the 7,145 megabases genome of the recently 107 
sequenced genome of Rhodopirellula baltica (Glöckner et al. 2003). 108 
 109 
2. Materials and Methodology 110 
2.1 Strains, media and growth conditions 111 
The planctomycetes used in this work were the pigmented Rhodopirellula baltica (Schlesner at al. 112 
2004) and strains Cor5, LF2, Gr7, FC9.2 and FF15 (Fig. 1) that were previously isolated from the 113 
surface of marine macroalgae, namely, Corallina sp. (Cor5), Laminaria (LF2), Gracillaria bursa-114 
pastoris (Gr7) and Fucus spiralis (FC9.2 and FF15), collected from different locations in the 115 
northern coast of Portugal (Lage and Bondoso 2011). Rhodopirellula baltica was chosen as a 116 
model in this study due to its phylogenetic proximity to several of the other strains under study and 117 
to the known adaptation to environmental stressors (Wecker et al. 2009). In UV viability 118 
experiments we have also used a pigmented strain of Arthrobacter sp. isolated in our laboratory 119 
from the surface of macroalgae. Cultures were maintained on modified solid M13 medium (Lage 120 
and Bondoso 2011) at 26 ºC and stored at 4 ºC. Liquid cultures were incubated in an orbital shaker 121 
at 26 ºC, 200 revolutions per min (rpm), with a ratio flask volume/medium of 10/1. Growth was 122 
monitored by optical density measured at 600 nm (OD600). Stock cultures of Saccharomyces 123 
cerevisiae strain BY4741 (MATa, his31, leu20, met150, ura30) (Brachmann et al. 1998) 124 
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were grown on solid YPD medium (1 % w/v yeast extract, 2 % w/v peptone, 2% w/v glucose and 125 
2 % w/v agar) at 30 ºC for 2 days and then stored at 4 ºC for 2 weeks. For experiments, yeast cells 126 
were grown in liquid YPD medium, using an orbital shaker at 30 ºC, 200 rpm, with a ratio flask 127 
volume/medium of 10/1. Growth was monitored by optical density at 600 nm.  128 
 129 
2.2 Optimization of a DNA damage detection assay in planctomycetes  130 
The improved assay for DNA damage detection in planctomycetes species was designed based on 131 
the comet assay protocol used for Saccharomyces cerevisiae (Azevedo et al. 2011) and the 132 
protocol of DNA diffusion assay for bacteria described by Fernández et al. (2008). For the 133 
degradation of the proteinaceous cell wall we tested different concentrations and digestion times of 134 
proteinase K and papain. Observation of samples after alkaline lysis treatment in optical 135 
microscopy evidenced that in papain-treated samples, a larger proportion of cells were lysed than 136 
in the case of proteinase K treatment (data not shown). Discrimination of lysed cells without 137 
genotoxic treatment was possible by blurry edges and by a considerably higher length (at least 2.5 138 
µm) than normal cells (around 1 to 1.5 µm; our unpublished data). In addition, to try to improve 139 
the efficiency of the lysis step, we have also increased the temperature of incubation from 4 ºC to 140 
37 ºC so that DNA unwinding could become more pronounced. We have applied the 141 
electrophoresis step of the comet assay in order to obtain comet tails with length directly 142 
propotional to DNA damage. However we obtained only halos of diffusin of DNA (not shown). 143 
Therefore, we have excluded this step in the optimization of the assay. The presence of a 144 
fluorescent halo dispersed from the cell was considered as DNA-damaged cell in opposition to 145 
cells without surrounding fluorescence bearing non-damaged DNA (Fig. 2a). Furthermore, we 146 
have excluded the neutralization step after alkaline lysis and decreased the DNA fixation time with 147 
ethanol, the final steps of the comet assay procedure, without affecting results. Finally, we have 148 
improved sharpness of images from samples by including an overnight, 80 ºC incubation after 149 
DNA fixation. Based on the above-mentioned observations the final protocol was established as 150 
follows. Cultures of planctomycetes were grown overnight in modified M13 liquid medium at 26 151 
ºC, 200 rpm, until OD600 0.1-0.2. Cells from one milliliter of each culture were harvested by 152 
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centrifugation at 15000 rpm, 4 ºC for 5 min, ressuspended in papain buffer (10 mg mL-1 papain, 153 
Sigma; 137 mM NaCl; 2.7 mM KCl; 4.3 mM Na2HPO4; 1.47 mM KH2PO4; 38 mM 154 
ethylenediaminetetraacetic acid -EDTA-; 10 mM DL-cysteine) and incubated 1 h at 37 ºC, 200 155 
rpm to ensure cell wall digestion. Cells were harvested by centrifugation at 15000 rpm, 4 ºC for 5 156 
min, washed twice with the same volume of ice-cold S buffer (1 M sorbitol, 25 mM KH2PO4, pH 157 
6.5), resuspended in 100 µL of S buffer and then distributed by 25 µL aliquots. Sixty microliters of 158 
1.5 % low-melting agarose (w/v in S buffer) at 37 ºC was then added to each sample and 20 µL of 159 
the mixture were placed on glass slides (pre-coated with 0.5 % w/v normal-melting agarose), 160 
covered with cover slips and allowed to solidify at 4 ºC for 5 min. The cover slips were then 161 
removed and the samples were subjected to the genotoxic treatment (see 2.3). Immediately after 162 
exposure, the slides were immersed in fresh lysis solution (30 mM NaOH, 1 M NaCl, 0.05% w/v 163 
laurylsarcosine, 50 mM EDTA, 10 mM Tris-HCl, pH 10) previously warmed at 37 ºC. The slides 164 
were incubated in the dark at 37 ºC for 20 min and then washed three times on a tray with 165 
abundant ice-cold deionized water. Fixation was performed by three sequential washes in cold 166 
ethanol (-20 ºC) at 70 % (v/v), 90 % (v/v) and 100 %, 3 min each. Subsequently, slides were dried 167 
overnight at 80 ºC and then stored at 4 ºC until observation. For fluorescence microscopy analysis, 168 
slides were previously stained with 10 µL of GelRed® (1:3000 v/v). 169 
 170 
2.3 Genotoxic treatments 171 
Agarose-embedded cells on the slides and cells in inoculated solid media were subjected to UVC 172 
(254 nm) irradiation using the Stratalinker® UV Crosslinker (Stratagene) at 100, 300, 500, 700 173 
and 1000 J m-2 (for planctomycetes) or 10, 30, 50, 70, 90, 100 and 150 J m-2 (for yeast). In all 174 
cases, irradiated cells were immediately placed in the dark in order to avoid photoreactivation of 175 
the enzyme photolyase responsible for the conversion of pyrimidine dimers into pyrimidines. For 176 
chemical genotoxic treatments, 10 mM H2O2 was applied directly on top of the minigel containing 177 
the cells and incubated 20 min at 4 ºC. 178 
 179 
2.4 Viability assay of planctomycetes strains after exposure to UVC 180 
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Planctomycetes viability was determined in modified M13 solid media, inoculated by streaking 181 
with a sterile toothpick from a log phase liquid culture (OD600 of 0.1-0.2) in modified M13 at 26 182 
ºC, 200 rpm. After incubation at room temperature to dry the surface of the medium, plates were 183 
irradiated without lid with the different UVC doses. Plates were then incubated for 10 days at 26 184 
ºC in the dark. Images were obtained using a zoom stereomicroscope (Wild Heerbrugg M8).  185 
 186 
2.5 Analysis of the UVC protective effect of ethanolic extracts of planctomycetes  187 
2.5.1 Ethanolic extraction of pigments  188 
For this experiment strain Cor5 was chosen due to its high resistance to UVC observed in this 189 
study. A culture of strain Cor5 was prepared in 1 L liquid modified M13 medium, incubated 8 days 190 
at 26 ºC, 200 rpm and cells were harvested by centrifugation at 15000 rpm, 4 ºC for 5 min and 191 
frozen at -20 ºC overnight. Ethanol 99 % (v/v) was added and the samples were sonicated several 192 
times until the cellular mass ran out of color. The supernatant was separated by decantation from 193 
the cellular debris and the ethanol was allowed to evaporate on a rotary evaporator at 38 ºC. The 194 
remaining sediment was then dissolved in a dichloromethane/methanol solution (9:1) and 195 
pigments were separated by column chromatography with silica gel as the solid adsorbent in 196 
stationary phase. The presence of pigments in the various fractions was assessed by thin layer 197 
chromatography. Two bands were obtained (CORI and CORII) and each fraction was dissolved in 198 
500 µL of ice-cold absolute ethanol. In order to allow the complete homogenization, samples were 199 
kept for two hours in the dark at 4 ºC with agitation (150 rpm) and, subsequently, stored in the 200 
dark at -20 ºC. 201 
 202 
2.5.2 Viability assay of Saccharomyces cerevisiae 203 
A culture of Saccharomyces cerevisiae in YPD was incubated overnight in an orbital shaker at 30 204 
ºC, 200 rpm, diluted in fresh YPD medium to OD600 0.1, incubated under the same conditions for 205 
two generations (until OD600 0.4) and diluted back to OD600 0.1 with fresh YPD. The suspension 206 
was serially diluted with YPD (1, 10-1, 10-2 and 10-3 fold concentration) and sets of 5 µL drops 207 
were placed on solid YPD medium. Plates were allowed to dry and then exposed without lid to the 208 
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desired doses of UVC. Subsequently, plates were incubated at 30 ºC, in the dark for 48 h and 209 
images were then obtained using the Molecular Imager ChemiDoc XRS System (Bio-Rad) and 210 
analyzed with the Quantity One 1-D image analysis software.  211 
For assessment of the potential UVC protective effect of pigments from planctomycetes, ethanolic 212 
extracts of planctomycetes (see 2.5.1) were added to cell suspensions (40x extract final dilution) 213 
just before the serial dilution step (see above) and incubated at 30 ºC for 20 min. Cells were 214 
harvested by centrifugation at 15300 rpm, 4 ºC for 2 min and resuspended in YPD medium in 215 
order to maintain the initial cell concentration. Cell suspensions were serially diluted and viability 216 
was assessed as stated above. A similar assay was done without the washing step with fresh YPD 217 
to keep the extracts in contact with cells during UVC exposure (co-incubation). For control, the 218 
same volume of absolute ethanol was added to cell suspensions, as it was the solvent in which 219 
extracts were dissolved. 220 
 221 
2.6 Statistical analysis 222 
All data was obtained from at least two independent experiments. Results presented in 223 
photographs are from representative experiments. One-way analysis of variance (ANOVA) was 224 
used for comparison using the GraphPad Prism version 5 software. 225 
 226 
3. Results 227 
3.1 Effects of genotoxic agents in planctomycetes 228 
UV radiation is a major stressor in marine environments. Marine planctomycetes living in the 229 
intertidal zone experience daily oscillations of UV light exposure. To estimate the impact of this 230 
radiation on planctomycetes we have selected a species isolated from the water column 231 
(Rhodopirellula baltica) and several from the macroalgae surface (strains Cor5, LF2, Gr7, FC9.2 232 
and FF15). The phylogenetic relationships of the planctomycetes, based on the 16S rDNA, are 233 
presented in Fig. 1. Cor 5 is a strain of R. baltica and LF2 and FC9.2 are two different species of 234 
Rhodopirellula sharing, respectively, 97.9 and 96.6 % in the 16S rRNA gene sequence similarity 235 
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with R. baltica SH1T. FF15 is phylogenteically related to Blastopirellula marina and Gr7 to 236 
Planctomyces brasiliensis. The selected strains cover different members of Planctomycetales.  237 
In this study, we developed an assay for detection of DNA damage in these microorganisms. In 238 
this assay, cells treated with a genotoxic agent are embedded in an agarose microgel, lysed and the 239 
damaged genomic DNA diffuses as a result of double strand breaks and unwinding induced by 240 
single strand breaks. For most of the strains, the proportion of cells considered to present DNA 241 
damage correlated with increasing UV dosages (Figs. 2b and 3). Only in strains Gr7 and FF15, the 242 
levels of DNA damage did not alter significantly above low dosages, suggesting that the dosage of 243 
100 J m
-2
 was sufficient to cause a maximum of DNA damage. In order to verify the applicability 244 
of the DNA diffusion assay to chemical genotoxic agents and further validate its applicability, we 245 
used hydrogen peroxide (10 mM) as genotoxicant. The proportion of cells with DNA damage has 246 
also increased with this genotoxic agent (Fig. 4), suggesting that this assay can detect DNA 247 
damage caused by different kinds of genotoxic agents (UVC and oxidative damage) in these 248 
bacteria. 249 
 250 
3.2. UVC effects on viability of planctomycetes 251 
The impact of UV on viability was investigated by exposing the several planctomycetes under 252 
study to UVC. The number of viable cells was clearly affected by radiation dosages equal and 253 
above 100 J m-2, the lowest level assayed (Fig. 5). Strains FF15 and Gr7 were the most susceptible 254 
ones while Cor5 and FC 9.2 were the most resistant, being the only strains able to resist UVC 255 
doses above 500 J m-2. Arthrobacter sp. was used as reference for UVC sensitivity since it was 256 
described as a UVC resistant bacterium (Kuhlman et al. 2005; Osman et al. 2008). Our results 257 
suggest that, in general, the marine planctomycetes used in this study are quite resistant to UVC, 258 
especially strains FC9.2, Cor5, Rhodopirellula baltica and LF2 as they display at least similar 259 
sensitivity to UVC as Arthrobacter sp. 260 
 261 
3.3. Evaluation of a potential protective effect of ethanolic extracts of planctomycetes to 262 
UVC-mediated DNA damage 263 
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Some studies suggest that more pigmented strains could be more resistant to UV exposure 264 
although a relationship between pigmentation and resistance has never been demonstrated 265 
(Hermansson et al. 1987; Arrage et al. 1993; Joux et al. 1999; Kolber et al. 2000; Béjà et al. 2000; 266 
de la Torre et al. 2003). In our work, a clear correlation between pigmentation and UVC resistance 267 
could not be established even though Cor5, Rhodopirellula baltica and LF2 are highly resistant 268 
strains that display pigmented colonies (Fig. 5). In order to evaluate a potential protective effect of 269 
pigments from planctomycetes against UVC, Saccharomyces cerevisiae was used as experimental 270 
model due to the simplicity of laboratorial manipulation and well-established techniques for 271 
evaluation of UV resistance (Hanway et al. 2002). We selected Cor5, one of the most UVC 272 
resistant pigmented strains, extracted its pigments and assayed its influence on viability of yeast 273 
cells exposed to UVC. The potential protective effect of the ethanolic extracts of planctomycetes 274 
pigments against UVC was assessed with pre- and co-incubation of yeast cells with the extracts. 275 
None of the extracts seemed to have protective effect against UVC in both incubation conditions 276 
(data not shown).  277 
 278 
4. Discussion 279 
With the DNA diffusion assay here developed for planctomycetes we were able to detect cells with 280 
damaged DNA in a given population. However, higher sensitivity would be required for the 281 
quantitative assessment of the extent of DNA damage in each cell. A possible reason for the low 282 
sensitivity may be the limited diffusion of DNA of small genomes such as the ones of bacteria. 283 
Due to the ubiquity of planctomycetes, these organisms could be potential proxies for the good 284 
state of different ecosystems. Resistance to stress factors is a key aspect for biomonitoring studies. 285 
Our assay provides an easy and rapid method for DNA damage detection that can be of great 286 
importance when using these organisms as biological monitors. 287 
Our results of resistance to UVC (Fig. 5) are in accordance with the ones obtained with Gemmata 288 
obscuriglobus (D10 of 675.8 J m-2) (Lieber et al. 2009), indicating that planctomycetes are a group 289 
of bacteria with high resistance to UVC. Interestingly, among the strains tested, FC 9.2, sharing 290 
about 96 % sequence similarity in the 16S rDNA to R. baltica, was the most resistant. The strains 291 
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in the R. baltica cluster (Fig. 1) also presented high levels of resistance against UVC damage while 292 
strains phylogenetically more distant from R. baltica, FF15 and Gr7, were the most susceptible 293 
ones. As depicted in Figure 1, Cor5 is a strain of the species Rhodopirellula baltica. Both 294 
presented comparable resistances against UVC (Figs. 3, and 5) even though they were isolated, 295 
respectively, from the macroalgae surface and from the water column in places geographically 296 
distant. These results seem to indicate a uniform behavior towards environmental stresses, such as 297 
UVC and oxidative stress, within this species. In a transcriptional study of R. baltica SHIT to 298 
changing environmental conditions (salinity and temperature) this planctomycetes revealed to 299 
possess a high responsivity and a high number of genes were affected by the changes induced 300 
(Wecker at al. 2009). 301 
Although all strains presented similar levels of DNA damage, in terms of viability the strains 302 
displayed a diverse range of sensitivity (Figs. 3 and 5). Therefore, our results suggest that several 303 
types of cellular damage could mediate the effect of UVC on planctomycetes viability. Survival 304 
after UV exposure could depend more on avoiding proteins carbonylation than on DNA 305 
degradation, since microorganisms lose viability when exposed to radiation causing low DNA 306 
damage (Daly et al. 2007; Krisko and Radman 2010). However, other molecules, such as lipids, 307 
could also be targetted by UV or by the cellular byproducts caused by this radiation. In addition, 308 
the highly packed chromatin organization of planctomycetes such as Gemmata obscuriglobus has 309 
been suggested to enhance radiation tolerance (Lieber et al. 2009) by limiting diffusion of DNA 310 
fragments when double stand breaks are generated, which would facilitate the repair (Coxx and 311 
Battista 2005).  312 
Besides DNA protection, DNA repair mechanisms can also contribute to high UVC resistance. In 313 
the DNA diffusion assay, the procedure after exposure to UVC prevents the activity of DNA repair 314 
mechanisms as cells are immediately immersed in lysis solution, in order to denature enzymes. In 315 
addition, this procedure is performed in the dark, which does not allow photoreactivation of 316 
photolyase, an enzyme responsible for repair of UV-induced DNA damage upon exposure to 317 
visible light (Joux et al. 1999; Sancar 1994; Suter et al. 1997). However, in viability assays, 318 
although the cultures were kept in the dark, enzymes of the nucleotide excision repair might be 319 
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repairing DNA in the viable cells. Our data suggest that some of the tested strains, such as R. 320 
baltica and strains LF2 and FC9.2, may present characteristics that confer them best survival 321 
capacities when exposed to UVC, even when presenting a high proportion of the population with 322 
DNA damage. Such characteristics might include high proportion of Mn (II)/Fe (II). Since Mn (II) 323 
has less reactivity with O2 or H2O2 than Fe (II), production of reactive oxygen species would be 324 
considerably less than in cells with lower Mn (II)/Fe (II) (Daly et al. 2007). Another mechanism of 325 
protection against UV was suggested by Krisko and Radman (2010) in bacteria, based on the 326 
protection by low molecular weight cytosolic compounds that would avoid protein carbonylation. 327 
On the other hand these strains could possess efficient mechanisms of protein and lipid turnover, 328 
so that degraded proteins and lipids could be replaced rapidly, or efficient protection mechanisms 329 
of these molecules. 330 
Some studies claim that pigments play a role in cell resistance to UV by capturing damaging 331 
radiation and avoiding the harmful effects on cellular structures (Cockell and Knowland 1999). 332 
Our results suggest that planctomycetes pigments do not protect cells from UVC-induced DNA 333 
damage, although more detailed extraction and analysis of pigments is required to confirm this.  334 
 335 
4. Conclusion 336 
This work intended to unveil aspects related to cell integrity of planctomycetes regarding DNA 337 
damage and survival upon UVC exposure. Since UV is a key stressor in marine environments, it is 338 
important to evaluate the impact of this radiation in marine organisms and ecosystems. A new 339 
DNA damage detection assay, a DNA diffusion assay, was developed and optimized for 340 
planctomycetes, bacteria with large genome sizes. This assay allows the detection of DNA damage 341 
induced not only by UV but also by hydrogen peroxide. Some of the planctomycetes studied seem 342 
to be highly resistant to UVC possessing equal or higher resistance levels than the UVC resistant 343 
Arthrobacter sp.The more resistant strains were members of the R. baltica cluster. In contrast, the 344 
colorless FF15 was the most sensitive strain. Resistance to UVC measured as viability, did not 345 
closely correlate with DNA damage, suggesting that mechanisms such as DNA repair might be 346 
important for planctomycetes defenses against radiation. 347 
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Figure captions 489 
Fig. 1. Phylogenetic 16S rDNA tree generated by neighbor-joining analysis indicating the 490 
relationship of the isolates (in bold) to the members of the order Planctomycetales.  Phylogenetic 491 
trees were generated using different calculation methods including neighbor joining, maximum 492 
parsimony and maximum likelihood to test for the stability of the tree. The anammox 493 
“Candidatus” genus was used as an outgroup. The numbers beside nodes are the percentages for 494 
bootstrap analyses, only values above 50% are shown. Bar: 0.02 substitutions per 100 nucleotides. 495 
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 496 
Fig. 2. DNA-damaged cells assessed by the DNA diffusion assay. a DNA-damaged (left) and 497 
native DNA (right) cells of Rhodopirellula baltica treated with 100 µM hydrogen peroxide. b DNA 498 
damage induced by UVC radiation in strain Cor5. Cells were exposed to increasing doses of UVC 499 
as mentioned in each panel. For both experiments DNA damage was analyzed with the DNA 500 
diffusion assay, samples were stained with GelRed and observed in fluorescence microscopy with 501 
400x magnification. Bar: 10 µm. 502 
 503 
Fig. 3. Evaluation of the DNA damage detection in strains of marine planctomycetes exposed to 504 
several doses of UVC radiation with the DNA diffusion assay. In each sample, at least 50 cells 505 
were counted and cells presenting a fluorescence halo were counted as DNA-damaged. 506 
Percentages were calculated in relation to the total number of cells counted. Experiments were 507 
done in triplicate and results are presented as mean values ± standard deviation. One-way analysis 508 
of variance (ANOVA) was used for comparison. * p < 0.05 and ** p < 0.01. 509 
 510 
Fig. 4.  Evaluation of the DNA damage detection in planctomycetes exposed to 10 mM hydrogen 511 
peroxide with the DNA diffusion assay (see 2.2 and 2.3). In each sample, at least 50 cells were 512 
counted and cells presenting a fluorescence halo were counted as DNA damage. Percentages were 513 
calculated in relation to the total number of cells counted. Experiments were done in triplicate and 514 
results are presented as mean values ± standard deviation. One-way analysis of variance 515 
(ANOVA) was used for comparison. ** p < 0.01. 516 
 517 
Fig. 5. Sensitivity of marine planctomycetes to increasing UVC radiation dose using a viability 518 
test. Arthrobacter sp. was used as a qualitative control as it is considered a UVC resistant 519 
bacterium. These results are from a representative experiment from three independent replicates. 520 
 521 
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